The South Coast Air Basin, which makes up major portions of Los Angeles, Orange, Riverside, and San Bernardino counties, is a major air pollution nonattainment region and is projected to be for the foreseeable future. Strict regulations on emissions have been imposed on everything from lawn mowers to major factories. Numerous emission-cutting programs have been initiated to improve the air quality (e.g., telecommuting and ride-sharing). As another major program to alleviate traffic congestion and obtain better air quality, the Southern California Regional Rail Authority (SCRRA) began constructing a new commuter train system called Metrolink in October 1992. There are currently five lines in operation: the Riverside Line, San Bernardino Line, Santa Clarita Line, Ventura County Line, and the Fullerton Line, as shown in Figure 1 . The system is still expanding and when complete Metrolink will form the nation's sixth largest commuter rail system, with construction costs more than $500 million (1) . Metrolink commuter trains connect suburban communities with centers of business, such as Burbank, Glendale, Industry, and downtown Los Angeles. The SCRRA monitors the passenger ridership counts of each line closely, from which the amount of congestion mitigation can be determined (2) . However, there have been no detailed studies on the direct air quality impact of Metrolink since its inception.
The purpose of this research project is to estimate total pollutant emissions associated with a single Metrolink line, specifically the Riverside line. The Riverside line, which began operation in 1993, runs from downtown Riverside and continues to downtown Los Angeles Union Station (LAUS) with stops in Pedley, East Ontario, and the city of Industry. In this study, emissions associated with two commuting scenarios are compared. An emissions estimation is first made for commutes from Riverside to downtown Los Angeles using the Metrolink system. This is then compared with the emissions associated with the same set of commutes made by automobile. On the basis of trip conditions recorded in November 1994, this study attempts to predict the minimum amount of Metrolink ridership required to get a net emissions reduction from the system.
Several key emission sources were identified and incorporated into this analysis. Two components were estimated for the Metrolink Riverside to LAUS commute: cold start and running emissions of automobiles during the home to Riverside Metrolink station trip and running emissions of the diesel locomotive traveling from Riverside to LAUS. For the non-Metrolink-based trip scenario, cold start and running emissions of automobiles were estimated for the Riverside to downtown Los Angeles commute.
Ridership and vehicle data were collected through a survey that was conducted simultaneously with a remote sensing emissions experiment at the Riverside Metrolink station. This data collection process is described in more detail in a later section. Emission data for the Metrolink diesel locomotives were obtained from recent technical reports produced for the SCRRA (2) and the Southwest Research Institute (SwRI) (3). Cold start emissions and running emissions for automobiles were based on the EMFAC7F emissions model developed at the California Air Resources Board (4) . For this study, four emission species are considered: carbon monoxide (CO), hydrocarbons (HC), oxides of nitrogen (NO x ), and particulate matter (PM).
It is important to point out that this study is done purely from an air quality standpoint and does not deal with operating cost and revenue aspects of Metrolink or traffic congestion and stress aspects of the automobile commuters. Further, the comparisons are made only for the single Riverside Metrolink line for commuters traveling from the Riverside area to LAUS, and the conclusions may not necessarily be applied to the entire Metrolink system. Vehicle age and locomotive power settings and travel times are critical in assessing the automobile and rail emissions and may vary significantly for other lines.
Background information on Metrolink's Riverside line is first provided with a description of the data collection process performed for this study. This is followed by a summary of various trip statistics derived from the data collection phase. The methodology is then given with the results of the emissions analysis. Finally, the last section presents various conclusions from the study.
METROLINK: RIVERSIDE LINE
The downtown Riverside Metrolink Station is located on approximately 11 acres in the Marketplace redevelopment area in Riverside, California. The Riverside County Transportation Commission (RCTC) maintains and operates the station. The station consists of a dual-sided platform and parking for 390 automobiles. At the time of the data collection for the study, six commuter trains between Riverside and Los Angeles served the station, along with Amtrak connecting buses, and Riverside Transit Agency feeder bus service. For this study, only a.m. peak period commuting trips have been considered. These trains leave at 5:00 a.m., 6:10 a.m., 6:43 a.m., and 7:35 a.m., from the Riverside station. The average duration of these morning trips between Riverside station and LAUS is approximately 1 hr and 8 min, with the trains operating at speeds ranging from 25 to 60 mph (40 to 96 kmh) [maximum speed is 75 mph (120 kmh)].
METHODOLOGY: DATA COLLECTION
To evaluate and compare total pollutant emissions, two different commuting trip scenarios have been considered: (a) Metrolinkbased commute trips and (b) automobile-only commute trips. To perform this analysis, various data were collected.
Passenger Survey Data
Ridership travel characteristics along the Metrolink's Riverside line were obtained through a passenger survey conducted during a typical weekday (Wednesday, November 16, 1994) . The data collected during the survey included A total of eight people (four staff and four students) conducted the passenger survey in cooperation with SCRRA and RCTC. Blank survey forms were distributed by two students to all passengers boarding the Metrolink at the Riverside Station for departures at 5:00, 6:10, 6:43, and 7:35 a.m. These same students also boarded the train and traveled to the East Ontario station to answer any questions the passengers may have had about the survey questionnaire. The completed survey forms were collected before disembarking in Ontario. Those passengers who could not or did not want to complete the forms on board the train and wished to complete the forms at a later time were given self-addressed stamped envelopes. Out of a total of 362 survey forms that were distributed to adult passengers who boarded the four morning trains (outbound to Los Angeles) at the Riverside Metrolink Station, 297 (82 percent) pas- sengers completed the survey. This includes 9 of the 15 distributed mailback survey forms. The information gathered in the surveys not only provided origin and destination information needed by the emission models, but also helped to establish vehicle mix profiles and a probability density of cold start emissions modes. A more detailed analysis of the data and the emission results are presented in subsequent sections.
Remotely Sensed Emissions Data
Remote sensing emissions instrumentation was set up on the same day as the survey, as well as the following day (November 16 to 17, 1994). This remote sensing instrumentation measures CO and HC by using a continuous infrared (IR) beam directly perpendicular to the path of passing vehicles. Instantaneous CO and HC measurements are taken when a vehicle passes through and breaks the IR beam. In addition to these instantaneous emission measurements, license plate information is obtained with a video camera and subsequent image digitization.
These remote sensing emissions data are used in the analysis to estimate the percentage of high emitting vehicles (using a 4 percent CO threshold) and to corroborate cold start percentage data derived from the survey forms. The high percentage of total emissions generated by the small number of high emitter vehicles makes the remote sensing data a key element in the emission estimates. These data were also used to verify the automobile counts entering the Riverside Metrolink parking lot. Further detail on the remotely sensed emissions data and its use in this study are provided in a later section.
RIDERSHIP TRAVEL CHARACTERISTICS
Although the main purpose of this study is to analyze the emissions impact of Metrolink, a rich set of ridership data was obtained during the Metrolink survey collection phase. This set of data provides the basis of the emissions analysis and is also of general interest.
Home-to-Station Trip Characteristics
Riders were questioned about mode of travel from home to the Metrolink station. Of the 288 who answered this question the dominant mode was driving alone, with 194 (67 percent) responses. The next largest category was those who were dropped off, with 43 (15 percent) responses, followed by those who traveled by carpool, with 29 (10 percent) responses. Twenty-one (7 percent) indicated that they arrived by bus, and one walked. A total of 266 of the 288 survey respondents arrived by car, generating approximately 251 vehicle trips if it is assumed that there are slightly more than 2 carpoolers per carpool vehicle. If this percentage holds for the entire rider population, the 362 survey respondents would generate approximately 315 vehicle trips to the Riverside Metrolink station.
The mean trip time from home to the Riverside Metrolink station derived from the survey was 17.4 min. The minimum trip time given on the survey was 1.5 min and the maximum was 80 min. The mean trip distance was 13.4 mi (21.4 km) with a minimum of 0.5 mi (0.8 km) and a maximum of 76 mi (122 km). Approximately 20 percent of the riders live within 6 mi (9.6 km) of the station and approximately 13 percent drive less than 10 min to reach the station.
Nearly 40 percent drive more than 19 min on average and only 5 percent travel more than 38 mi (61 km) to the Metrolink station. Home ZIP code information was also collected to provide a spatial distribution of riders and to corroborate the mean trip distance.
Vehicle Statistics
A critical question on the survey form was vehicle model year, an important input to the subsequent emissions analysis. The survey vehicle age profile is presented in Figure 2 and is similar to the Southern California vehicle age distribution in Figure 3 [based on 1993 data from the California Department of Transportation (CALTRANS) (5)]. The age profiles differ primarily because of the small number of pre-1975 vehicles in the Metrolink study population.
Destination Station
The survey results indicated that 260 (90.3 percent) of the riders boarding in Riverside were heading to LAUS. The Industry station was the second most common destination, with 19 (6.6 per- 
ESTIMATION OF POLLUTANT EMISSIONS
The primary purpose of this study is to estimate the total pollutant emissions from two commuting scenarios, a Metrolink-based commute and an automobile commute, traveling from Riverside to downtown Los Angeles. To estimate the total emissions associated with the Metrolink-based commute, it was necessary to estimate the vehicle emissions associated with travel from the home to the Riverside station and the diesel locomotive emissions of the Metrolink train traveling from the Riverside station to LAUS.
The last leg of this commute (i.e., traveling from LAUS to the final destination) was not considered in this emissions analysis. There was not a dominant mode like there was in the trips to the Riverside Metrolink station. Fifteen percent of the riders used nonpolluting bike and walk modes and 55.8 percent used either bus or rail. Only 16.4 percent of the riders used the drive-alone mode, with an unknown portion of these in a lower emissions hot start condition. The contribution to the emissions total of the last segment of the commute is likely to be small because the drive alone mode is the only mode that significantly contributes to the emission load, and its percentage is low.
For the automobile Riverside-to-Los Angeles commute, only the trip from home to downtown Los Angeles was considered. For all automobile trips, the cold start portion of the total emissions was accounted for. It was assumed for all automobile trips that there were no stops during the commute.
To make an emissions comparison between the Riverside-toLos Angeles Metrolink-based commute and the Riverside-to-Los Angeles automobile-only commute, the emissions of a hypothetical 300 commuters using each travel mode were estimated. Based on the November 1994 travel data, the total morning commute emissions for 300 drivers using the four Riverside-Los Angeles Metrolink trains was estimated, assuming 300 automobile trips were generated from home to station. This was compared with the scenario in which the same 300 commuters traveled alone by automobile from home to Los Angeles. The methodology of estimating emissions for both scenarios is described in the following sections.
Remote Sensing Emissions Data
As previously described, the remote sensing emissions data were used in this analysis to estimate the percentage of high emitting vehicles (using a 4 percent CO threshold), to corroborate cold start percentage data derived from the survey forms, and to verify the automobile counts entering the Riverside Metrolink parking lot. The remote sensing data exhibit highly skewed frequency distributions for CO (Figure 4) . The location of the remote sensing instrumentation was changed for the second day and a larger number of vehicles was monitored. The total number of observations increased but the distribution of CO readings was similar on both days.
Estimating Gross Emitter Vehicles
Determining the number of gross emitter vehicles in the vehicle population is essential for properly estimating total vehicle emissions. Previous remote sensing studies have shown that approximately 5 to 10 percent of all vehicles are responsible for approximately 50 to 60 percent of the total emissions (6,7 ). Another study estimated that a single 7 percent CO super emitter produces 50 times more CO per mile than a vehicle in good tune producing 0.5 percent CO (8) . To estimate the number of gross polluting vehicles in this Metrolink study, a percent CO measurement > 4 percent was used as a cutoff threshold, similar to other remote sensing studies (6,7). Any vehicle with CO emissions greater than 4 percent was considered a high emitter vehicle. On the first day there were seven vehicles with CO greater than 4 percent out of 143 with valid CO data. On the second day there were 10 high emitter vehicles identified out of the 233 total vehicles with valid CO data. Overall there were 17 out of 376 vehicles (4.5 percent) classified as high emitters by this method. The average emission of the high emitter vehicles for the two days was 5.9 percent CO. 
Estimating Number of Vehicles in Cold Start Mode
Because modern catalytic converter-equipped vehicles have a large drop in emissions after sufficiently warming up, a large percentage of the CO, HC, and NO x emissions for a trip are produced in the cold start phase. The first step in identification of cold start vehicles was to remove the high emitter vehicles from consideration. It was assumed that all vehicles in good working order would be unlikely to produce CO emissions greater than 4 percent (9). For this analysis it was assumed that all vehicles arriving at the Metrolink station were operating at or near hot-stabilized emission rate conditions. The cumulative population percentage plot of surveyed arrival time ( Figure 5) shows that 99 percent of the vehicles traveled at least 4 min before arrival.
Emissions Estimates For Metrolink-Based Commutes
As described earlier, the Metrolink-based commutes consist of two components: the trip from home to the Riverside Metrolink station and the Metrolink trip from Riverside to LAUS. The emission estimates for both of these components will be described.
Home to Metrolink Station Component
The emissions associated with vehicle trips from home to the Riverside station were computed using CARB's EMFAC7F emission model (4) . EMFAC requires a variety of input data, which are taken primarily from the following survey results:
• Vehicle Age Distribution-This distribution, consisting of the vehicle population by model year, was acquired directly from the survey results (see previous section).
• High Emitting Vehicle Percentage-This input was derived using the methodology described previously. This value was set to 4.5 percent.
• Cold Start Mode-All trips from home to the Metrolink station were assumed to be cold start trips because the train departure times were all before 8:00 a.m.
• Average Trip Distance-The average distance to the station calculated from the survey was 13.4 mi (21.4 km) with an average trip time to the station of 18.9 min.
• With this set of inputs, EMFAC was run to predict emissions for the hypothetical fleet of 300 vehicles. The high-emitter emissions were estimated using the emissions rate (g/mi) for the cold start portion of the trip but applied to the entire trip.
Riverside to Los Angeles Metrolink Component
The survey results indicated that 90.3 percent of the riders boarding in Riverside were heading to LAUS. Of the remaining 9.7 percent, 6.9 percent disembarked before LAUS and 2.8 percent rode other Metrolink lines beyond Union Station. From Table 7 of the SwRI report (3), emissions of CO, NO x , HC, and PM in grams per hour for each notch position were obtained for the Metrolink locomotive engines. From Appendix C of the SCRRA report (2), the time-at-notch-position in minutes was obtained for the Riverside to Los Angeles route. The information is summarized in Tables 1 and  2 along with the total emissions estimated for the Riverside to LAUS route. The emissions were calculated using the time-atnotch for the engine settings on the route by converting the time to fractions of an hour and then multiplying the emissions in grams per hour by the number of hours at that notch position. The trip total was then the sum of the emissions at each notch. The emissions for the head-in power unit, used to power the air conditioning and other electrical needs of the passenger cars, were estimated as 20 percent of the locomotive emissions for the trip.
Emissions Estimates for Automobile Commutes
The emissions estimation for the automobile commute has been simplified by treating all trips as trips from downtown Riverside to downtown Los Angeles. While the actual commutes were somewhat different, this makes the automobile commute more comparable to the Metrolink-based commute scenario. The same EMFAC model was used to calculate total automobile emissions in this scenario. In this case, the following inputs were changed:
• Average Trip Distance-The average distance for the automobile-only scenario was set to 65 mi (104 km). The actual average commute distance is difficult to calculate because the information on the home location is rough (based on ZIP code area) and many possible routes to the main Los Angeles routes are possible.
• Average Trip Speed-An average morning commute time of 115 min was obtained from the Southern California Association of Governments (SCAG) Regional CTP model and used to calculate an average speed of 33.9 mph (54.2 kmh) using the 65-mi trip distance from downtown Riverside to downtown Los Angeles.
Large differences in automobile emissions exist between winter and summer weather conditions so the EMFAC model was run using both typical winter and typical summer temperatures. Winter and summer model runs using 300 vehicles were made for the automobile portion of the commute on Metrolink and for the Riverside to Los Angeles automobile-only commute.
Emission Comparisons
The estimated total emissions for the Metrolink-based commute scenario are compared on a pollutant-by-pollutant basis with the estimated automobile-only scenario emissions. Again, the comparison was based on a hypothetical scenario of 300 individuals driving alone to downtown Los Angeles against an alternative scenario of 300 individuals driving alone to the Metrolink Riverside station and riding the four morning trains into Los Angeles. This simplification was necessary because of the difficulties involved in accounting for the number of passengers who board and disembark at each station along the line. In addition, it is difficult (if not impossible) to estimate the percentage of passengers who might carpool to Los Angeles if they were not taking the Metrolink. All train locomotive emissions given are single engine emissions multiplied by 1.2 to account for the headin power unit, then multiplied by four to account for the four trains used to move the riders into Los Angeles (Table 3) . It should be noted that the four in-bound trains to Los Angeles have a total ridership of about 1100. The Riverside passengers' proportion of the train emissions was calculated as Riverside passenger-mi/total-line passengermi. The number of passenger miles for each station was calculated by multiplying the January 1994 average daily boardings (obtained from Metrolink authorities) by the number of miles from the corresponding station to Los Angeles. This was considered to be more realistic than simply taking the proportion based only on the number of passengers boarding at Riverside since Riverside passengers travel the farthest. By this measure, the Riverside Metrolink passengers accounted for 41 percent of the emissions from the Riverside line. These results indicate that at current Riverside Metrolink ridership levels there is a net decrease in CO and HC and a net increase in emissions for NO x and particulate matter. The ratios of Metrolink-commute emissions to automobile-only-commute emissions are different in the winter from the summer, but the overall trend is the same in each season.
The emissions for CO were 2.49 times as high with the automobile-based commute in winter and 2.47 times as high in the summer when compared to Metrolink commuters (Figure 6a ). The NO x emissions were 4.26 times higher for the Metrolink commute than driving alone in the winter and 5.21 times higher in the summer (Figure 6b ). The hydrocarbon emissions for the automobile commute against the Metrolink commute in the winter were 2.34 times higher while in the summer 2.21 times higher. (Figure  6c ). The particulate emissions were 5.53 times higher for the Metrolink-based commutes in both the winter and the summer (Figure 6d ).
Estimated Ridership for Net Air Quality Benefit
The emissions data from the previous section can be used to estimate the number of riders necessary for the Metrolink to achieve a net emission reduction when compared with automobile-only com- mutes. As was noted previously, there is a net reduction in CO and hydrocarbon emissions at the current ridership levels, and the number of additional riders needed to produce a net benefit will vary greatly between the other pollutants. There are two factors influencing the emissions mix: the different emissions profiles for the four pollutants between automobiles and trains and the differential effect of cold starts on the automobile emissions for the two commute scenarios. For this analysis it is assumed that additional riders will have the same profile on the survey data as those currently riding the Metrolink.
The train emissions are assumed to be the same, regardless of the number of riders on board. The per-vehicle emissions for the automobile-only commute provide the slope of a straight line, increasing with the addition of each new vehicle. The per-vehicle emissions were calculated as a weighted average of the high emitter rate and the rate for the regular vehicle population.
The estimated emissions line for the Metrolink commute has a slope equal to the per vehicle emissions for the home-to-Riverside automobile emissions, with an intercept equal to the total trip emissions for the Metrolink train ( Figure 7 ). It should be noted that while the linear increase in emissions for automobiles is realistic, the emissions for Metrolink riders at the upper end of the range may not be linear. The Metrolink emissions depend upon several factors, including the point at which additional trains would need to be added to the line (which in turn depends upon the number of passengers willing to stand), the parking capacity at the stations, and the number of cars each engine can pull. For this comparison we have assumed that the increase is linear up to 2500 vehicles.
The point at which the lines cross for each pollutant is the estimated number of riders necessary to break even on emissions. This point is equal to the train emissions divided by the difference in the per-vehicle emission rates for home-to-Los Angeles and home-toMetrolink. The estimated number of vehicles necessary to break even on emissions is rounded up to the next whole number because the number of vehicles can only be an integer. The calculated number of vehicles for all four pollutants (winter, summer) are CO (11, 21), NO x (1503, 2138), HC (41, 66), and PM (1941, 1941) . These estimates should not be taken as exact because of the uncertainty inherent in the estimation of both the automobile emissions and the train emissions and apply only to the Riverside-to-Los Angeles commute.
CONCLUSIONS
Although there is considerable room for error in the emissions estimates, at current ridership levels the following conclusions applicable only to the Riverside line can be drawn:
• At current ridership levels, the total amount of CO, NO x , HC, and PM combined for the Metrolink Riverside to LAUS commute is less than that generated by the automobile commute;
• Switching from an automobile commute to a Metrolink-based commute has a differential effect on the four pollutants (i.e., some pollutants increase, others decrease); specifically: a Metrolink commute produces fewer CO and hydrocarbon emissions than an automobile commute, and the NO x and particulate emissions from a Metrolink commute are higher than those of an automobile-only commute.
The number of passengers necessary for the Riverside to LAUS Metrolink commute to break even varies by pollutant and season. Some general conclusions for the current diesel powered Metrolink trains are
• Fewer than 100 riders are necessary for the Riverside to LAUS Metrolink commute to break even on CO and hydrocarbons.
• About 2000 riders are necessary for the Riverside to LAUS Metrolink commute to break even on particulates.
Total Riverside Riverside Train Emissions Metrolink Emissions
Number of Vehicles Home to Riverside Per Vehicle Emissions The survey results give a clear description of the Metrolink Riverside passenger population (10) . Most of the passengers are coming from Moreno Valley and Riverside and are taking the train to work in Los Angeles. They are driving alone and are typically in newer vehicles. There were significantly fewer 1970 and older vehicles in the survey than in the registered vehicle population in Southern California. This difference in vehicle age distribution means that the pollution estimates for the Metrolink commuters (both to the station and to Los Angeles) would be higher if they had a vehicle profile similar to the regional one. These facts lead to several recommendations:
• Future marketing of the Metrolink should be targeted in the Riverside area, both because of the relatively lower ridership and because of the greater emissions reductions;
• Because of the heavy dependence of the emission estimates on the remote sensing and survey work, similar studies will need to be conducted before drawing general conclusions about the entire Metrolink system; and • Studying the driver population characteristics at other stations along the Metrolink Riverside line will enhance the results.
